Brattforsheden is a large glacifluvial deposit in southwestern Sweden and associated with it is one of Sweden's largest inland dune fields. Although the relative ages of the Brattforsheden deposits are well known, absolute ages from the area are few. In this study we have used optically stimulated luminescence (OSL), surface exposure ( 10 Be) and radiocarbon ( 14 C) dating to provide an absolute chronology for the deglaciation and for the Holocene development of the aeolian dunes. Our data show that the deglaciation took place just before 11 ka (11.5 ± 0.6 ka OSL, 11.3 ± 0.8 ka 10 Be), in line with the 14 C-based regional deglaciation age. Aeolian dunes started forming immediately after deglaciation and were active for at least 2000 years, well after vegetation had established. Renewed aeolian activity occurred 270-180 years ago, resulting in the deposition of sand sheets. Comparison between dating methods and studies of OSL dose distributions show that glacial, glacifluvial and littoral sediments suffer from incomplete bleaching and thus that mean OSL ages from such deposits overestimate the true depositional age. By using small aliquots and statistical age models, this effect can partly be countered. Also, some of the 10 Be ages appear too old, which may be due to previous exposure.
INTRODUCTION
The successive retreat of the ice margin during the deglaciation in south western Sweden is spatially well constrained by moraines and ice-marginal glacifluvial deposits (Lundqvist and Wohlfarth, 2001 ). However, north of the Middle Swedish End Moraine Zone, at and above the highest shoreline, the deglacial geomorphological record is much more discontinuous and the deglaciation chronology is less well known (Lundqvist, 2002) . One of the major deglacial features in this area is the Brattforsheden delta, which formed at the Yoldia Sea coast as the ice margin crossed the highest shoreline and adapted itself from marine to terrestrial mode of deglaciation (Fredén, 2001a) . The range of deglacial and paraglacial deposits at Brattforsheden (tills, deltas, beaches, dunes) makes it a good target for dating the deglaciation, and an interesting case study for comparing deglaciation ages from different types of deposits and from different techniques.
Three common methods for dating the deglaciation are radiocarbon ( 14 C), optically stimulated luminescence (OSL) and surface exposure ( 10 Be) dating. However, these methods do not necessarily date the same event.
14 C dating generally provides ages of the first organic sedimentation after the ice sheet disappeared, and thus gives minimum ages for the deglaciation -the lag between melting of ice and establishment of vegetation is not necessarily known. OSL, on the other hand, dates the last time sediment was exposed to sunlight, which is assumed to be the time of deposition. For glaciofluvial deposits this would be at the time of ice-margin retreat and OSL would therefore provide accurate ages of deglaciation. There may, however, be problems with age overestimation due to incomplete bleaching in some depositional environments (Singarayer et al., 2005; Alexanderson and Murray, 2012a) . Surface exposure dating gives the duration of exposure at the surface of, for example, glacially deposited boulders, which would translate to an accurate age of ice disappearance, if the boulder was not previously exposed, subsequently exhumed or covered by, for example, sediment or snow. The resolution of the three methods also typically differ, with 14 C being more precise (typically ~2% for deglaciation ages) and OSL and 10 Be less precise (~5-10%). However, if the ages fall on a 14 C plateau, the precision of calibrated 14 C ages is reduced. In this study, we will mainly evaluate 10 Be and OSL ages of the deglaciation and related events.
One of the best developed aeolian dune fields in Sweden is located at Brattforsheden (Bergqvist, 1981) , but not much is known about its development during the Holocene. The chronology of aeolian deposits in Sweden is largely non-existent; most have been assumed to have formed immediately after deglaciation (Högbom, 1923; Hörner, 1927; Seppälä, 1972; Bergqvist, 1981) , but very few absolute ages are available. At some sites there is evidence of more recent aeolian activity (Högbom, 1923; Bergqvist, 1981) , but the timing of those events is also poorly constrained. In many aspects, the Brattforsheden dune field is similar to many other inland dune fields in Scandinavia (Klemsdal, 1969; Seppälä, 1972; Bergqvist, 1981) , particularly in southern Sweden and Norway, and better knowledge of its development has implications for similar landforms elsewhere.
The main aim of this paper is to better constrain the absolute chronology of the Brattforsheden delta and inland dune field, thereby providing improved age control of the deglaciation in the area and presenting the first more extensive chronology of an inland dune field in Sweden. A second aim is to explore the absolute age relationship between different types of deglaciation deposits. This is achieved by OSL dating of glacial, glacifluvial, wave-washed and aeolian sand, by 10 Be dating of glacially deposited boulders and by 14 C dating of organic material from a palaeosol. Many of the OSL ages presented here have previously been used to evaluate bleaching in different depositional environments and the luminescence characteristics of Swedish quartz (Alexanderson and Murray, 2012a) , but their sedimentological context and geological implications have previously not been described and discussed.
STUDY AREA AND PREVIOUS INVESTIGA-TIONS
The Brattforsheden delta and its dune field have been beautifully mapped by Hörner (1927) and the area is also at least partly covered by three generations of Quaternary deposits maps from the Geological Survey of Sweden in scales from 1:200000 to 1:50000 (Magnusson and Assarsson, 1929; Lundqvist, 1958; Fredén, 2001b) .
The delta is part of a large glacifluvial deposit, formed at the highest shoreline 175-190 m a.s.l. during the last deglaciation of SW Sweden (Fig. 1) . The deposit follows a NNW-SSE directed, structurally controlled valley and includes deltas, terraces, kames, kettle holes and eskers. The main delta surfaces, approximately 15 km 2 in area, are found at the valley mouth in the south, where sediment thicknesses of more than 100 m have been documented (Aneblom and Åsman, 2000) . A feeding esker follows the central part of the valley, today occupied by Lake Alstern (Fig. 1) . The surrounding hills are covered by a relatively thin till layer, which in a few places form small moraine ridges and hummocks.
As land rose out of the sea due to isostatic rebound, the deltaic sediments and the surrounding till were wavewashed, and gullies developed at and in front of the delta slope. Aeolian dunes also formed on the delta surface and at the northern end of Lake Alstern (Hörner, 1927; Fredén, 2001a) , as can be seen in Fig. 1 . The aeolian deposits at Brattforsheden form dunes, cover sands and loess-like covers. The dunes are mainly crescentic to parabolic and most of the large dunes are found just NW and SE of Lake Alstern, respectively (Fig. 1) . Smaller dunes and cover sand are found in many places, in close association with glacifluvial sediments. The loess-like deposits (flygmo in Swedish) consist of fine sand and coarse silt and form thin covers on surrounding elevations, up to ~290 m a.s.l. (Hörner, 1927; Fredén, 2001a) .
The deglaciation chronology of the area, and thus the formation time of the delta, is relatively poorly constrained. Correlation with clay-varve-or 14 C-dated recession lines in eastern Sweden and in southern Norway, together with 14 C-ages of early organic sedimentation in lake basins in the region, suggest that deglaciation took place ~10.9 cal ka BP (no uncertainty stated; Fredén, 2001a; Lundqvist, 2002) . It has generally been assumed that the aeolian deposition took place immediately after deglaciation (Hörner, 1927) . This is supported by two thermoluminescence (TL) ages that show aeolian deposition occurred around ~9000 years ago (Table 1 ; Lundqvist and Mejdahl, 1987) . Reactivation of at least some dunes took place in historical times (<~500 cal yr BP), as shown by 14 C-ages from a palaeosol in one of the dunes and a TL age from the overlying sand (0.85 ± 0.3 ka, Table 1 ; Bergqvist and Lindström, 1971; Lundqvist and Mejdahl, 1987 
METHODS

Field work
Field work was carried out in summer 2006. Sites for sampling were selected based on geological and geomorphological maps (Hörner, 1927; Fredén, 2001a Fredén, , 2001b and a survey of the area. The sites included gravel pits, road cuts and hand-dug pits ( Table 2) . Each site was documented by sedimentological logging, and positions and elevations were determined by a handheld Garmin GPS Vista C (precision ± 5 m).
Samples for luminescence dating were taken by hammering opaque plastic tubes into the sediments. The tubes were stored in black plastic bags until opened under darkroom conditions. Pieces of charcoal for radiocarbon dating were picked from excavated sections and stored in plastic bags. Rock samples for surface dating were chipped from the top part of boulders by using hammer and chisel. Shielding from the surrounding horizon was measured with a compass and clinometer.
Luminescence dating
The (Bergqvist and Lindström, 1971) , Västerrud (Lundqvist and Mejdahl, 1987) (Bronk Ramsey, 2009; Reimer et al., 2013 remove remaining impurities and also to etch the outer surface of the grains. A magnet was used to remove any magnetic grains. IR-tests (Duller, 2003) showed that the infrared/blue ratio was on average 3.1 ± 0.3%, indicating insignificant feldspar contamination. Water content was measured on subsamples taken from the ends of the sample tubes. The selection of the average water content for age calculation was based on the depth and location of the sample relative to the expected groundwater level. The environmental dose rate was determined by gamma spectrometry (Murray et al., 1987) and by calculating the contribution from cosmic radiation according to Prescott and Hutton (1994) . OSL measurements were done on large (8 mm) and small (2 mm) aliquots of 180-250 µm quartz grains with Risø TL/OSL readers equipped with 90 Sr/ 90 Y beta radiation sources (dose rate 0.10-0.33 Gy/s), blue (470 ± 30 nm; ~50 mW/cm 2 ) light sources, and detection was through a 7 mm U340 glass filter. All samples were analysed with SAR-protocols Wintle, 2000, 2003) adapted for each sample on the basis of dose recovery analysis (Table 3, Fig. 2 ).
The OSL signal was integrated from channels 1 to 5 (the first 0.8 s) for most samples and the background was taken from channels 6 to 10 (the next 0.8 s); for samples 061311-13 channels 1-10 (first 1.6 s) and 26-50 were used instead as it gave better dose recovery. Aliquots were accepted if recycling ratio was within 10% of unity, test dose error <10% and the signal more than three standard deviations above the background. The dose was calculated using exponential curve fitting in Risø Analyst v. 3.24. For the small-aliquot data, the single-aliquot decision protocol of Arnold et al. (2007) was followed and the three-parameter minimum-age model (MAM-3; Galbraith et al., 1999) was applied to the data by using an excel macro constructed by Sebastien Huot, after adding a 10% uncertainty (determined from the overdispersion of dose-recovery results) to each value.
The mean dose recovery ratio for the large aliquots is 1.04 ± 0.01 (n = 47) and for the small aliquots 1.06 ± 0.03 (n = 9). Mean recycling ratio for all accepted aliquots is 1.005 ± 0.003 (n = 757) and recuperation was low (<5% of natural). Thermal transfer tests made for a few aliquots of samples measured with 260°C preheat show a mean transferred dose of 0.7 Gy (n = 3), which is much less than the D e :s (>30 Gy) and is considered insignificant.
Surface exposure dating
Rock samples for 10 Be dating were crushed at the Natural History Museum in Stockholm and sieved at Stockholm University. Further preparation and analysis was performed at the Glasgow University Cosmogenic Nuclide Laboratory in Scotland. Preparation included processing for 10 Be from quartz following procedures modified from Kohl and Nishiizumi (1992) and Child et al. (2000) . The samples were measured at the Scottish Universities Environmental Research Centre AMS La- (Nishiizumi et al., 2007 Be ratios were corrected by full chemistry procedural blanks ( Table 4) . We calculated the analytical uncertainty by assuming that the uncertainties in AMS measurement and Be carrier are normal and independent, adding them in quadrate in the usual fashion (e.g. Bevington and Robinson (1992) ). The resulting analytical uncertainties range from 5 to 7% (Table 4) , except for ORM-3.
Measured 10 Be concentrations were used to calculate surface exposure ages using the CRONUS-Earth 10 Be-26 Al exposure age calculator version 2.2 (http://hess.ess.washington.edu), assuming no prior exposure and no erosion during exposure. The calculator provides a variety of production rate calibrations, and we used the Arctic calibration (Young et al., 2013) with a spallation-induced production rate of 3.93 ± 0.15 atoms g -1 a -1 (CRONUS-Earth 2013; Alternate calibration data sets, Wrapper script 2.2, Main calculator 2.1, constants 2.2.1, muons 1.1). This production rate was chosen because the calibration data set extends back to ca. 16 ka, compared to 12 ka for the northern Norway and western Norway production rate calibrations of Fenton et al. (2011) and Goehring et al. (2012a Goehring et al. ( , 2012b .
Radiocarbon dating
One sample of charcoal was submitted to the Radiocarbon Laboratory at Lund University for radiocarbon dating. Two unpublished ages of terrestrial macrofossils from a core from a nearby lake (Lake Falltjärnen), 15 km ENE of the northern end of Lake Alstern, were also made available, courtesy of Jan Risberg, Stockholm University.
RESULTS
Sites and sediments
In total 13 sites were investigated: most were in the southern part of the Brattforsheden area, at or on the delta plateaux, two were at the northern end of Lake Alstern and two on the till-covered hills east of Lake Alstern (Fig. 1, Fig. 3, Table 2 ).
Glacial deposits
The OSL sample was taken from a massive matrixsupported sandy diamicton, situated above the highest shoreline at Västra höjden (Fig. 3) and it has therefore not been affected by wave action. It is interpreted as a till, but from the limited exposure available it is difficult to determine its genesis; much of the till in the area is subglacially deposited, but nearby, at slightly higher elevation, a patch of hummocky moraine indicates a dead-ice landscape with possible melt-out or flow till.
Three boulders were sampled for 10 Be dating from the forested hummocky moraine at Västra höjden. The boulders are 125-180 cm high and consist of gneiss (VÄS2, VÄS4) or granite (VÄS3) (Fig. 4A-C) . A few kilometres to the northwest is Ormtjärnen (Fig. 3) , where there is a small end moraine. Three 65-110 cm high granitic boulders on the crest of the moraine were sampled (Fig. 4D-E) . All boulders appeared to be only slightly weathered or eroded, although they are partly covered by moss or lichen. However, boulder ORM1 has a 2-mm weathering rind. At both sites, the erratics are situated on low-relief, well-drained sandy till. 
Deltaic deposits
The deltaic deposits were documented at the Källorna gravel pit (Fig. 1) , where they are partly exposed in 10-15 m high scree-covered sections (Fig. 5) . The sandy beds in the section dip S-SW; the dip decreases upwards (Fig. 5A) . The most common sedimentary structures are planar lamination, ripple lamination and massive. The sediments are interpreted as delta slope deposits (lower part) and as channels on the delta topset (upper part). The topmost sediments have been disturbed and possibly moved around during excavation. 
Wave-washed sediments.
The three sites Hedbacka, Nyängen 2 and Mosserud are situated below the highest shoreline and are, according to the geological map (Fredén, 2001b) , covered by postglacial sand. The fine-to medium-grained sand appeared massive in the hand-dug pits, but some stratification is suggested by occasional finer-grained lamina. Exposures may have been too small to securely discern any large-scale stratification. Nevertheless, the wellsorted sand in combination with the geomorphology, including a beach terrace at Hedbacka, supports a littoral origin of these sediments.
Aeolian sediments
The best exposure is at Nabbmanen, at the northern end of Lake Alstern, where a road cuts through a long sinuous dune (Fig. 1) . In the lower part of the road-cut section the fine-medium sand is cross-stratified and wellsorted, and dips ~20° towards the SW. Massive sand dominates the upper part (Fig. 6) . The cross-stratified sand is interpreted as dune foresets, formed on the lee side of the dune, while the massive sand represents a sand sheet covering the dune. The cross-stratified and the massive sand are separated by an interval with white-and red-coloured sand, interpreted as at least one palaeosol (Fig. 6) . The lower paleosol has a ~8 cm thick eluviation (E) horizon, and an at least 20 cm thick B horizon, which gradually fades downwards. Five cm above this paleosol is a 1 cm thick whitish lamina, which may be a remnant of a second palaeosol. At Nabbmanen, there is thus evidence of dune formation, landscape stabilisation with soil formation and then renewed aeolian activity with deposition of a sand sheet.
Dunes at Gräshöjden 2, Nyängen 1 and Källorna 2 were also investigated. The three sites represent different dune types or settings: the Gräshöjden 2 dune is a pronounced ridge located in higher terrain, the Nyängen 1 dune is also geomorphologically well-defined but situated at the distal margin of the delta, and the Källorna 2 dune is situated on the delta plain but is not very prominent. Exposures were poor, but all sites showed well-sorted, vaguely laminated fine-medium sand that in connection with the geomorphological context was interpreted as dune sand.
At the Källorna gravel pit, there is a low ridge, which follows the edge of the gravel pit (Fig. 5B) and which is formed on top of excavation material. Its surface is rippled and it is interpreted as a recently formed, still active small cliff-top dune. Yet another type of dune was studied at Lake Mången, where a low (<1 m) winding ridge parallels the present beach for >500 m. The ridge contained massive sand, and is interpreted as a beach dune. It was described as partly active in the early 20 th century by Hörner (1927) .
Köldgropen is a flat area at the head of a large gully leading into Lake Alstern (Fig. 1) . A hand-dug pit revealed almost a metre of well-sorted, vaguely laminated fine-medium sand, very similar to the sand seen at Nabbmanen, and interpreted as cover sand. There was a forest fire here in 1911 (Sven-Åke Berglind, pers.comm. 2006), but no signs of charcoal was found in the sediment.
At two sites, Finnhöjden and Gräshöjden 1, massive coarse silt/fine sand on top of till is interpreted as loesslike deposits.
Luminescence ages
The mean large-aliquot OSL ages for samples measured at the two different laboratories (NLL and Lund) overlap within error (Table 5 ) and indicate good reproducibility of the measurements. Three of the four smallaliquot mean ages are on average 10% lower than the large-aliquot mean ages, but their age distributions overlap; the fourth agrees very well with the large-aliquot data. The environmental dose rates average 3.8 Gy/ka (3.22-4.49 Gy/ka) and OSL equivalent doses span from ~440 Gy to 0.2 Gy ( Table 5) . The resulting ages range from 97 ka to 50 a ( Table 5, Fig. 3, Fig. 5, Fig. 6 ). The dose distributions for the four small aliquot measurements are relatively wide (overdispersion 21-42%; cf. 7 ± 2% for dose recovery) and also skewed (Fig. 7) .
The quartz was generally fairly bright and had a clear fast signal component, but about 10% of the aliquots were rejected mainly due to poor recycling ratios. For further information on the luminescence characteristics of these samples the reader is referred to Alexanderson and Murray (2012a) .
The OSL ages are stratigraphically consistent and where independent age control is available, the OSL ages agree with that data (Lake Mången and Nabbmanen sites). From a chronological point of view, the ages cited in the text below are generally the large-aliquot ages determined at the NLL. These are measured on more aliquots than the corresponding measurements in Lund and are thus expected to have a slightly higher precision and accuracy. For the small aliquots, it is the modelled (MAM-3) ages that are referred to when discussing timing.
Surface exposure ages
The seven 10 Be ages range from 10.8 to 14.4 ka ( Table 6 ). For the two cases where two samples were taken from the same boulder (ORM-1A and -1B, ORM-2A and -2B) the two ages overlap within analytical uncertainty. Sample ORM-3 produced a Be current an order of magnitude lower than average (3-4 µA) during AMS measurement resulting in larger AMS counting uncertainty (±17%) compared to the other samples (±5% on average) and ORM-3 is therefore excluded from further interpretation.
The ages from the Ormtjärnen site are on average slightly younger (11.3 ± 0.8 ka; excluding ORM-3) than the ages from Västra höjden (12.7 ± 0.8 ka). These ages were conservatively calculated assuming no erosion and no correction for cover by snow or trees. If instead 1.0 mm/kyr erosion and cover by trees (0.977 correction factor; Plug et al. (2007) ) and snow (40 cm with density 0.25 g cm -3 for 4 months per year; SMHI (2014)) were assumed, the average ages become 11.8 ± 0.6 ka and 13.2 ± 0.9 ka, respectively.
Radiocarbon ages
The lowest and thickest paleosol at Nabbmanen is dated to 1270-990 cal years BP (NAB-6; Table 7, Fig.  6 ). The macrofossils from Lake Falltjärnen date the isolation of the lake from the Yoldia Sea to 10.6-10.3 cal ka BP (Table 7 ; Jan Risberg, pers.comm. 2008). Lake Falltjärnen has a threshold level at 160-165 m a.s.l. (Chmeleff et al., 2010; Korschinek et al., 2010) , and the Arctic calibration data set (Young et al., 2013 
DISCUSSION Deglaciation
The OSL age of the till at Västra höjden is not expected to give the age of the deglaciation, since till seldom is completely bleached, particularly not subglacial till (Fuchs and Owen, 2008) . In this case, the very high equivalent dose (Table 5 ) supports a subglacial (no bleaching) origin for the till. If it is representative of till in the area, and the till is a likely source material for the glacifluvial deposits, then a comparison of the doses from the till and the deltaic sediments gives some information on the bleaching that has taken place during transport (cf. Alexanderson and Murray, 2012a) . The lowermost sample in the delta (at Källorna), which comes from the delta slope, has a dose of ~280 Gy (64% of the till dose), and the uppermost sample, which represents the delta top, has 50 Gy (11%). The decreasing OSL doses and ages upwards in the deltaic succession at Källorna (Fig. 5) may reflect an increased distance to the ice margin and better bleaching opportunities during longer subaerial transport as the delta accreted. This is supported by the two smallaliquot dose distributions from delta sediments; the upper of the two has a lower overdispersion and is slightly less skewed (Fig. 7) . The age of the uppermost OSL sample (11.5 ± 0.6 ka) is therefore expected to provide the most reliable age of the deglaciation.
The timing of delta formation, as determined by the OSL age from Källorna, should be contemporaneous with moraine formation and the time when the ice cover disappeared in the area, as represented by the 10 Be ages at Ormtjärnen and Västra höjden. This is the case for Käl-lorna (11.5 ± 0.6 ka) and the Ormtjärnen end moraine (11.3 ± 0.8 ka). Both also overlap with the deglaciation age from literature (10.9 cal ka BP; Fredén, 2001a; Lundqvist, 2002) . The central mean exposure age for the hummocky moraine at Västra höjden is slightly older (12.7 ± 0.8 ka), but given the uncertainties, the OSL and surface exposure ages are statistically indistinguishable at 1 sigma, even when using only the analytical uncertainties. There are not enough samples to determine if the younger ages are due to post-depositional shielding related to moraine degradation (Heyman et al., 2011; Houmark-Nielsen et al., 2012) , or if the older surface exposure ages are caused by nuclide inheritance (e.g. Kelly et al., 2008; Alexanderson et al., 2014) . There was no obvious evidence to support either case, but the fact that the Västra höjden samples are part of a stagnating ice landscape may indicate that the boulders were exposed at the ice surface prior to final deposition, while the samples from the end moraine at Ormtjärnen only started accumulating cosmogenic nuclides once the ice had disappeared. Because of this geological uncertainty we favour the Ormtjärnen surface exposure ages as more closely related to deglaciation.
Land uplift
At Brattforsheden, the three large-aliquot OSL ages from wave-washed sediments (061315, -24, -33) decrease with altitude from 173 to 145 m a.s.l. (Table 2) , as is expected. However, the decrease is at face value only; the three ages are all within error of each other (12.6-12.0 ± 0.7 ka). They are also at face value older than the deglaciation (11.5-11.3 ka, see above), and therefore overestimate the true age. According to the shoreline displacement curve (Fredén, 2001a) , the level of the Yoldia Sea/Ancient Lake Vänern was at these elevations between ~10.6 and ~10 cal ka BP, and so the age overestimation is in the order of 1000-2000 years. The 14 C-ages from Lake Falltjärnen are also in line with the ages extracted from the shoreline displacement curve and provide an age of 10.7-10.3 cal ka BP for when the shoreline was at 160-165 m a.s.l. (Table 7) .
A likely reason for the age overestimation is incomplete bleaching. Although beach sediments are generally expected to be bleached and to work well for luminescence dating (Jacobs, 2008) , experience from Finland shows this is not always the case (Hyttinen et al., 2014) . Also, a modern beach close to a glacier in Svalbard had an apparent dose that corresponded to an age overestimate of almost the same order as indicated here, ~400 years (Alexanderson and Murray, 2012b) . The overdispersed (21%) and skewed (1.4) small-aliquot dose distribution of sample 061315 (Fig. 7B) supports the incomplete bleaching scenario in this case, and when a statistical age model (MAM-3) is applied to extricate the true age, the age does become younger: 9.5 ± 1.2 ka ( Table  5) . This younger age -from the lowest site at 145 m a.s.l. -agrees with the ~10 cal ka BP age according to the shoreline displacement curve (Fredén, 2001a) .
To avoid incomplete bleaching, careful selection of the facies may help: for example both Argyilan et al. (2005) and Hyttinen et al. (2014) achieved good results from beach-face (foreshore) deposits. However, even if Table 7 . 14 C age from the Nabbmanen site and unpublished ages from Lake Falltjärnen. The ages are calibrated using OxCal 4.2 online and the IntCal13 calibration curve (Bronk Ramsey, 2009; Reimer et al., 2013 Nielsen et al., 2006) , a limitation of the use of OSL ages to date land uplift is their resolution (Lindén et al., 2006; Fuchs et al., 2012) , which generally is less than that of 14 C ages. Where organic material is rare, such as in previously glaciated polar areas, and where raised beaches are common, or where luminescence characteristics allow precise ages, OSL dating can be most useful (e.g. Argyilan et al., 2005; Reimann et al., 2010) .
Aeolian activity
The oldest aeolian sample age is 11.6 ± 0.7 ka (061331 from Nyängen), but is situated stratigraphically above sample 061332 aged 10.7 ± 0.6 ka. Strictly, the two ages overlap within error and should not be seen as stratigraphically reversed ages. Likely, the age is around 11 ka. This timing is supported by another 10.7 ± 0.6 ka age (lower part of dune at Nabbmanen). From that time on, there is according to our OSL ages ongoing aeolian sedimentation at Brattforsheden until 8.5 ± 0.5 ka (061323). The youngest aeolian age (in this age group) is from cover sand on the southwestern delta plateau (Köldgropen; Fig. 1, Fig. 3 ). The two TL ages from Finnhöjden and Västerrud 2 ( Table 1 ; Lundqvist and Mejdahl, 1987) agree well with the OSL from the same sites ( Table 5) .
The minimum age model (MAM) age of the aeolian sample measured with small aliquots (7.8 ± 1.0 ka; 061321) is within error of the mean small-aliquot age, which is expected from a well-bleached sample. However, it can be noted here that the dose distribution of sample 061321 is negatively skewed, i.e. with a low-dose tail, while the MAM is usually applied to positively skewed dose distributions, suspected of incomplete bleaching, to pick out the lowest, best bleached dose population (Galbraith et al., 1999; Bailey and Arnold, 2006) . Bateman et al. (2003; have shown at the single-grain level that negatively skewed dose distributions may be due to bioturbation, where young material has been brought to lower stratigraphic levels. Since the MAM identifies the lowest dose population, and would thus incorporate any such too young aliquots in the age calculation, it may give a too young age. Another age model, the central age model (CAM), may therefore be better suited in this case. However, if the CAM is used, the age does not change much, it is 7.9 ± 0.4 ka.
There is no obvious pattern in the spatial distribution of the aeolian deglacial ages within the resolution of the OSL ages. The two sites in the north are 10.7-9.2 ± 0.6 ka and those in the south 10.7-8.5 ± 0.7 ka. Possibly, the aeolian activity, not necessarily duneforming, may have lasted somewhat longer in the south, but it is only a single site and age. The deposition of the loess-like sediments was also contemporaneous with the formation of the dunes.
It seems therefore that the aeolian deposition started immediately after deglaciation (11.5-11.3 ± 0.8 ka) and lasted for approximately 2000 years, or somewhat longer. This relatively long duration implies that aeolian activity continued even though vegetation had become established in the area. On a nearby sandplain, AlmquistJacobson (1994) showed that pioneer vegetation with light-demanding shrubs and herbs dominated until ~10.2 cal ka BP, when it was replaced by a semi-open Pinus forest until ~9.5 cal ka BP. Thereafter forest dominated, although some open areas were present on the sandplain (Almquist-Jacobson, 1994). Nevertheless, as vegetation became more abundant, the sand was eventually stabilised, soils started forming and large-scale aeolian activity ceased.
Interestingly, the survival at Brattforsheden of a postglacial-maximum relict species, the sand lizard (Lacerta agilis), indicates that exposed sand areas have existed continuously in the area since some time during the postglacial maximum (Gullberg et al., 1998; Berglind, 2005) . This in turn suggests that some sand was available for wind transport at Brattforsheden and that aeolian activity may have occurred locally throughout the Holocene. None of this is captured by the current OSL data set, possibly due to the very local scale of the open sand areas.
A palaeosol buried by aeolian sand in the Nabbmanen dune is evidence of re-activation of the aeolian sand. The charcoal in the palaeosol suggests that forest fires, whether natural or human-related, occurred in the area, and these may well have been causing renewed aeolian activity by removing vegetation and exposing sand to the wind. 14 C-ages of the charcoal range from 1267-989 to 570-490 cal yr BP ( Table 1, Table 7 ). According to the OSL ages, renewed aeolian activity occurred 270-180 years ago, i.e. starting around AD 1700 and ending about AD 1850. This is a time when it is known from historical records that extensive cutting down of forest took place in the area, related to intensified charcoal production for the smelting industry and to expansion of slash-and-burn agriculture connected to the arrival of Finnish settlers (Furuskog, 1924; von Schoultz, 1984) . For example, several crofts are known in the area from around AD 1600 and the Pardixhyttan smeltery, situated just across Lake Alstern from Nabbmanen, was active AD 1629-1873 (Björklund et al., 2003) .
The young sand at Nabbmanen has a massive structure and has been interpreted as cover sand draping a dune. It suggests that this young aeolian event rather deposited sand sheets than formed dunes. Hörner (1927) has also observed up to 1.5 m thick 'lamination free sand' close to the surface at other dunes and which contained pieces of charcoal; the age of this sand is not known, however.
The youngest aeolian OSL age (061325), apart from the modern analogue, comes from a beach dune at Lake Mången (Fig. 1 ). This dune is described to have formed due to lake-level lowering caused by the abandonment of a dam at a local smeltery in the 1700s, and it was stabilised by vegetation in the early 1920s (Furuskog, 1924; Hörner, 1927) . The OSL age of 120 ± 10 yr, corresponding to AD 1875-1895, fits well in this time span and confirms the young age of the dune. The low dose and age of a modern analogue -the cliff-top dune formed about 20 years ago at the Källorna gravel pit (50 ± 10 years; 061322) -show that the material can be bleached in nature, supporting the accuracy of the aeolian OSL ages.
CONCLUSIONS
Deglaciation in the Brattforsheden area took place 11.3-11.5 ± 0.8 ka ago according to 10 Be and OSL dating. This agrees with previous estimates of the time of deglaciation (10.9 cal ka BP). Aeolian dunes started forming directly after deglaciation, and aeolian activity continued for around 2000 years, long after vegetation had become established in the area. During much of the Holocene local open sand patches probably existed within the forested area, but no larger aeolian events were identified or dated within this study. Sand drift started again, at least locally, around 300 years ago and resulted in sand sheets draping the older dunes. This is contemporaneous with intensified human impact on the forest in the area, through charcoal production and slash-and-burn agriculture. OSL ages from glacial, glacifluvial and wavewashed sediments suffer from incomplete bleaching and overestimate the depositional age. Statistically modelled ages based on small-aliquot dose distributions are only partly able to correct for this. OSL ages from aeolian deposits seem accurate and agree with independent chronological data. The good agreement between OSL ages determined at two different luminescence laboratories (the Nordic Laboratory for Luminescence Dating and the newly established Lund Luminescence Laboratory) also show that OSL measurements are reproducible.
